Quantitation of hepatitis C virus (HCV) RNA in plasma and serum samples is a costly procedure in both time and reagents. Additionally, cell-associated viral RNA may not be detected. This study evaluated the accuracy of HCV RNA quantitation in small-volume whole-blood (WB) samples, which would be appropriate for point-of-care diagnostic devices. HCV RNA was extracted from 222 clinical plasma and WB samples of 82 patients with chronic hepatitis C by a specific locked nucleic acid-mediated capture method and quantified by real-time reverse transcription-PCR. The results were compared to the reference plasma viral load determined with the COBAS AmpliPrep/TaqMan (CAP/CTM) HCV test. This assay had an analytical sensitivity of 9 IU per 10-l sample (95% limit of detection [95% LOD]), a linearity range of 500 to 5 ؋ 10 6 IU/ml, and was accurate in testing 10 HCV subtypes (<0.22 log 10 unit) in plasma. Approximately 130 to 170 million people worldwide are infected with the hepatitis C virus (HCV). The highest prevalence of HCV infection is in developing and transitional economy countries (19) that have limited access to costly HCV quantitation assays. Because the analysis of capillary whole blood (WB) does not require venous blood draw and sample centrifugation, it may allow a point-of-care testing and improve diagnostic and therapeutic HCV management in developing countries.
Approximately 130 to 170 million people worldwide are infected with the hepatitis C virus (HCV). The highest prevalence of HCV infection is in developing and transitional economy countries (19) that have limited access to costly HCV quantitation assays. Because the analysis of capillary whole blood (WB) does not require venous blood draw and sample centrifugation, it may allow a point-of-care testing and improve diagnostic and therapeutic HCV management in developing countries.
Although the liver is the main site of HCV replication, HCV RNA has been detected in circulating extrahepatic sites, such as in peripheral blood mononuclear cells (PBMC) (3, 24, 25, 31, 42) , in cryoprecipitates (22) , and attached to erythrocytes (21) and to platelets (14, 41) . HCV RNA lymphotropism may be due to adsorption of viral particles (23, 43) as well as intracellular viral replication (27, 30) . Thus, quantitation of HCV RNA in plasma or serum samples may underestimate the total circulating viral load. Furthermore, the detection of HCV RNA in PBMC may serve as an alternative to liver biopsy in the diagnosis of occult hepatitis C infection, defined as the presence of hepatic HCV RNA in the absence of detectable serum HCV RNA and anti-HCV antibodies (4, 5) . HCV RNA persistence in PBMC (39) and in WB (38) at the end of interferon treatment may predict a subsequent viral relapse. However, quantitative analysis of viral kinetics in PBMC provides only minor additional predictive information (29) . Because PBMC separation, counting, and washing are elaborate, the quantitation of HCV RNA in WB may serve as an alternative. Advantages of WB analysis have been reported for other PBMC-associated viruses, such as human immunodeficiency virus (HIV) (15) and Epstein-Barr virus (13) .
However, inconclusive data have been published on whether the use of WB for HCV RNA quantitation provides higher diagnostic sensitivity than the use of plasma or serum. Although one group reported an increase in diagnostic sensitivity (37) with 100-to 1,000-fold HCV RNA concentrations measured in WB (35) , these results were not confirmed in subsequent studies (8, 10) .
The aim of this study was to evaluate the feasibility of HCV RNA quantitation in 10-l WB samples and to compare quantitation results with the COBAS AmpliPrep/TaqMan (CAP/ CTM) HCV test in plasma. To improve the extraction yield of HCV RNA, a novel sequence-specific oligonucleotide hybridization assay was developed and compared to nonspecific silica filterbased total nucleic acid extraction. Locked nucleic acid (LNA)-modified oligonucleotides have an exceptionally high affinity to cRNA (18) and could serve as a more potent hybridization probe in a chaotropic lysis buffer than DNA (16) . The synthetic nucleotide derivate 2Ј-O-methyl-RNA (2Ј-OMeRNA) forms stable complexes with RNA that are more resistant to nucleases (9) . Thus, DNA oligonucleotides, LNA-modified DNA oligonucleotides, and LNA-modified 2Ј-OMeRNA oligonucleotides were designed to evaluate HCV RNA extraction efficiency. To interpret quantitation results and diagnostic sensitivity in smallvolume WB samples correctly, the assay was validated for analytical sensitivity, precision, linearity, diagnostic specificity, and matrix equivalence for plasma and WB specimens. Finger-prick capillary WB samples were collected in K 3 -EDTA Microvette 100-l tubes (Sarstedt, Nümbrecht, Germany). Plasma was separated by centrifugation of WB samples in a K 3 -EDTA Monovette (Sarstedt) at 1,600 ϫ g over 20 min. Residual plasma and whole blood samples were frozen at Ϫ80°C. Genotype 1 HCV RNA reference plasma sample number 3443/04 (Paul-Ehrlich Institute, Federal Agency for Sera and Vaccines, Langen, Germany) and the OptiQuant genotype 1 HCV RNA quantitation panel (Acrometrix, Benicia, CA), both calibrated against the World Health Organization (WHO) international standard HCV-RNA 96/790 (33), were obtained for determination of linearity, analytical sensitivity, and precision. A reference genotype panel containing HCV subtypes 1a, 1b, 2a, 2b, 2c, 2i, 3a, 4, 5a, and 6 was obtained from the German National Reference Center for Hepatitis C (University of Essen, Essen, Germany).
MATERIALS AND METHODS

Samples
HCV quantitation in EDTA plasma samples. The plasma specimens were tested with the automated CAP/CTM HCV test (Roche Diagnostics, Mannheim, Germany). Briefly, HCV RNA was extracted from a 850-l plasma sample in the COBAS AmpliPrep system according to the manufacturer's instructions and transferred to the COBAS TaqMan 48 system for real-time reverse transcription-PCR (RT-PCR). HCV RNA quantitation was performed by AmpiLink software version 3.2.2 and expressed in international units (IU) per ml.
HCV RNA capture assay. (i) Extraction. For HCV extraction, three homologous 25-mer oligonucleotide antisense probes were developed: DNA (Metabion International AG, Martinsried, Germany), LNA-modified DNA (Sigma-Proligo, Paris, France), and LNA-modified 2Ј-OMeRNA (RiboTask, Odense, Denmark). Oligonucleotide probe sequences that were complementary to nucleotides 68 to 92 of the HCV H77 reference strain (40) were tagged with biotin at their 3Ј end. LNA nucleotides were inserted at every second position (Table 1) .
For indirect capturing, 12.5 pmol of the respective hybridization probe was resuspended in 5 l nuclease-free water, added to 65 l lysis/hybridization buffer (4.3 M bicine-buffered guanidine hydrochloride, 20 mM EDTA, 10% [vol/vol] Triton X-100, 0.2% [wt/vol] saponins from quillaja bark [pH 8.5]), and mixed vigorously with 10 l of WB or plasma. Competitive internal standard (IS) RNA was added to determine assay performance. For RNA denaturation and hybridization, the solution was incubated at 65°C for 5 minutes and then passively cooled for 2 minutes. Streptavidin-coated superparamagnetic polystyrene beads (ii) Amplification and detection. Reverse transcription, amplification, and detection were performed as a one-step nonnested RT-PCR in the Smart Cycler II system (Cepheid, Sunnyvale, CA) with the RNA UltraSense one-step quantitative RT-PCR kit (Invitrogen, Carlsbad, CA) in a reaction mixture volume of 75 l. Primers and probes (Metabion International, Planegg-Martinsried, Germany) were designed to amplify a 287-nucleotide region within the HCV 5Ј-untranslated region downstream of the capture site and were used at the following concentrations: sense primer and antisense primer at 600 nM each, two carboxyfluorescein (FAM)-or Black Hole Quencher 1 (BHQ-1)-labeled target TaqMan probes at 100 nM each, and a cyanine 5 (Cy5)-or BHQ-3-labeled control TaqMan probe at 200 nM (Table 1) . After reverse transcription at 50°C for 30 min and denaturation at 95°C for 2 min, 45 cycles of denaturation (95°C, 5 s) and annealing or extension (67°C, 45 s) were performed. Reporter fluorescence signals of FAM (target) and Cy5 (control) were analyzed by Cepheid Smart Cycler software 2.0d.
(iii) Internal standard RNA. An artificial IS RNA sequence was designed from a partial sequence of the HCV isolate HC-C2 (subtype 1b [GenBank accession number D10934], nucleotide positions 46 to 332 with respect to the HCV H77 strain [40] ) to estimate the assay's extraction and amplification quality. The TaqMan probe binding site was generated by nucleotide permutation. Primer and capture probe binding sites remained unchanged to allow for similar extraction and amplification conditions for viral RNA and IS. Transformed Escherichia coli DH5␣ containing the IS gene cloned into the pCR 2.1 TOPO vector (Invitrogen, Carlsbad, CA) was purchased from Eurofins MWG Operon (Ebersberg, Germany). For in vitro transcription, plasmid DNA was linearized with the HindIII restriction enzyme (Invitrogen) and transcribed with the Ambion MegaScript T7 RNA polymerase kit (Applied Biosystems, Darmstadt, Germany). The transcript size (415 nucleotides) was confirmed by ethidium bromidestained 2% agarose gel electrophoresis.
Extraction efficiency for different capture probes. HCV RNA was extracted from 34 plasma and WB specimens with each of the three hybridization probes and with the Roche high pure viral nucleic acid kit according to the manufacturer's instructions (July 2005). To adjust for qRT-PCR sample input volumes, 33.33 l of plasma or WB samples were diluted in 200 l of nuclease-free phosphate-buffered saline (pH 7.4). Briefly, after lysis of diluted samples in carrier RNA-supplemented binding buffer and proteinase K at 72°C over 10 min, the crude lysate was applied to the glass-fiber fleece filter tube for binding of nucleic acids, rinsed with inhibitor removal buffer, washed two times, and eluted in 50 l of nuclease-free, sterile, double-distilled water prewarmed to 70°C. Fifteen microliters of eluate (equivalent to total nucleic acids in 10-l specimen) was examined by qRT-PCR. Cycle threshold (C T ) values of quantifiable results were tested for normal distribution, linear correlation, and difference to the reference extraction method.
HCV capture assay validation. HCV capture assay validation was performed with LNA-modified 2Ј-OMeRNA hybridization probes.
(i) Analytical sensitivity. HCV genotype 1 reference samples (PEI 3443/04 and Acrometrix OptiQuant) were diluted with HCV-negative plasma (Roche) to concentration levels of 50, 100, 250, 500, 800, 1,000, and 2,963 IU/ml and tested in 5 to 15 replicates over 18 days. Probit analysis for tested log-transformed concentration levels was performed to determine the 95% and 50% limit of detection (95% LOD and 50% LOD).
(ii) Linear range. Six panel members of the OptiQuant plasma panel containing 50 to 5,000,000 IU/ml HCV RNA (genotype 1) were analyzed in five replicates over 3 days. Linearity was evaluated by the absolute difference of observed and nominal log-transformed HCV titers, the coefficient of determination (R 2 ), and comparison of the linear and cubic regression.
(iii) Precision. Intra-assay and interassay variability were determined in five to seven replicates in plasma samples and in capillary WB samples. The coefficients of variation (CV) were calculated by the proposed formula for log 10 -normal distributed values: %CV ϭ ͱ10 SD 2 ϫ ln(10) Ϫ 1 where SD is the standard deviation (12, 20) .
(iv) Accuracy. Aliquots of the hepatitis C virus genotype panel (National Reference Center, Essen, Germany) were tested in triplicate and compared to CAP/CTM HCV test results (10-fold dilution, tested in duplicate due to sample volume). The means, standard deviations, and mean differences of log-transformed viral loads were calculated.
(v) Matrix equivalence. HCV RNA-positive plasma was spiked and divided into 38 pairs of WB and plasma samples from HCV RNA-negative donors (1:10). HCV concentration in matrix spike sample pairs ranging from 908 IU/ml to 2.88 ϫ 10 6 IU/ml (median, 7.47 ϫ 10 4 IU/ml) was analyzed by within-run analysis. The mean deviations and linear correlations were calculated for logtransformed viral loads, and Student's t test was used to determine statistical differences.
(vi) Diagnostic specificity in WB samples. Capillary finger-prick EDTA WB samples from 20 HCV-negative self-declared healthy individuals were obtained after informed consent and analyzed with the HCV capture assay.
Clinical performance of the HCV capture assay in WB and plasma samples. The HCV RNA concentration of 222 clinical samples was examined by CAP/ CTM HCV test in 850-l plasma samples and by HCV capture assay in 10-l whole-blood or plasma samples.
(i) Diagnostic sensitivity and specificity in WB samples. To discriminate between analytical sensitivity and diagnostic sensitivity, samples were categorized with respect to CAP/CTM HCV plasma viral load as follows: Ͻ15 IU/ml, 15 to 900 IU/ml, and Ͼ900 IU/ml. The overall specificity and subset sensitivities for plasma and WB were calculated. Differences in diagnostic sensitivity in WB and plasma were analyzed by McNemar's test.
(ii) HCV RNA quantitation in plasma samples. To determine concordance between quantitation results of the HCV capture assay and CAP/CTM at Ͼ900 IU/ml (LOD), a linear Passing-Bablok regression (28) and the CUSUM test for linearity were performed.
(iii) HCV RNA quantitation in venous WB samples. Sample pairs that were tested with the HCV capture assay and returned quantifiable results in both specimens were included to test two hypotheses. Hypothesis A is that WB samples contain HCV RNA amounts that are not accessible by plasma analysis. Hypothesis B is that the total HCV RNA concentration in WB samples exceeds the concentration in plasma samples. For hypothesis A, an estimated WB viral load (c exp ) was calculated assuming HCV RNA is present only in the plasma but not in the cellular fraction: c exp ϭ c plasma ϫ (1 Ϫ hematocrit) with c representing the viral load in IU/ml and (1 Ϫ hematocrit) representing the ratio of plasma in the particular WB sample. Student's t test was performed to test both hypotheses after verification of log-normal distribution with a one-sample KolmogorovSmirnov (KS) test. The distributions and mean log deviations between plasma and (corrected) WB samples were calculated.
To determine the correlation of HCV RNA quantitation results in 10-l WB samples with the reference plasma method (CAP/CTM), Passing-Bablok regression, CUSUM test for linearity, and R 2 were calculated for all quantifiable results. Outliers, defined by a log deviation of Ͼ1.96-fold SD, had to be confirmed by the HCV RNA capture assay in plasma.
(iv) HCV RNA quantitation in capillary WB samples. To examine the correlation between venous and capillary WB specimens, 40 sample pairs from 28 patients with quantifiable HCV RNA as measured by HCV capture assay were analyzed. Passing-Bablok regression and R 2 were calculated for log-transformed measurement results. All statistical calculations were performed using the SPSS 16.0 software (SPSS Inc., Chicago, IL). C T values were significantly higher after DNA hybridization compared to total nucleic acid extraction in both plasma samples (95% confidence interval [95% CI] of ⌬C T , 1.3 to 2.6; P Ͻ 0.001) and WB samples (95% CI of ⌬C T , 1.4 to 2.5; P Ͻ 0.001).
RESULTS
Extraction
C T values after hybridization with LNA/DNA capture probes and silica-based extraction did not differ in plasma samples (95% CI of ⌬C T , Ϫ0.8 to 0.1; P ϭ 0.092) but were lower in WB samples (95% CI of ⌬C T , Ϫ0.8 to 0.0; P ϭ 0.044). C T values after hybridization with LNA/2Ј-OMeRNA were significantly lower in both plasma samples (95% CI of ⌬C T , Ϫ1.0 to Ϫ0.2; P ϭ 0.003) and WB samples (95% CI of ⌬C T , Ϫ1.0 to Ϫ0.1; P ϭ 0.012), indicating a better extraction efficiency. The Pearson correlation coefficients (r) between extraction with the silica-based protocol and HCV capture assay in plasma samples were 0.879 for DNA, 0.951 for LNA/DNA, and 0.961 for LNA/2Ј-OMeRNA probes; in WB samples, they were 0.908, 0.953, and 0.945, respectively. Because the best qualitative and quantitative results were attained with LNA/2Ј-OMeRNA capture probes, these probes were used for subsequent assay validation and clinical analyses.
HCV RNA capture assay validation. (i) Analytical sensitivity. Four out of 95 measurements were invalid due to nonamplification of the IS RNA. The HCV RNA capture assay was positive in 0/5 for a HCV RNA plasma concentration of 50 IU/ml, 3/14 for 100 IU/ml, 8/13 for 250 IU/ml, 11/15 for 500 IU/ml, 14/15 for 800 IU/ml, 14/14 for 1,000 IU/ml, and 15/15 for 2,963 IU/ml, respectively. The 95% LOD was 899 IU/ml (9 IU per 10-l sample), and the 50% LOD was 218 (2 IU per 10-l sample) in probit analysis.
(ii) Linear range. All 36 plasma samples and negative controls tested valid. All five samples with 50 IU/ml HCV RNA and one of five samples with 500 IU/ml HCV RNA were not detected. The mean observed titer deviated from Ϫ0.12 to 0.15 log 10 IU/ml from the nominal titer; the maximum deviation was 0.29 log 10 unit in single measurements. The linear regression between log-transformed observed and nominal viral loads was f(x) ϭ 0.991x ϩ 0.039 (R 2 ϭ 0.990) with x as the log 10 -transformed plasma viral load. The third-order polynomial regression resulted in a quadratic regression curve f(x) ϭ Ϫ0.054x 2 ϩ 1.503x Ϫ 1.074 (R 2 ϭ 0.994). The maximum difference between the linear and polynomial fit was 0.12 log 10 unit. Thus, assay linearity was estimated to be between 5 ϫ 10 2 and 5 ϫ 10 6 IU/ml. (iii) Precision. All 39 samples subjected to precision analysis tested valid. The CV in plasma was 17% for 5 ϫ 10 6 IU/ml (SD, 0.07 log unit), 19% for 5 ϫ 10 5 IU/ml (SD, 0.08 log unit), IU/ml (SD, 0.13 log unit) for genotype 1 in between-run analysis of five replicates each. The CV was 21% as measured by within-run analysis (genotype 1) (mean of 1.84 ϫ 10 5 , SD of 0.09 log unit; n ϭ 6). For capillary WB samples subjected to within-run analysis, the CV was 25% (genotype 1) (mean, 1.08 ϫ 10 5 IU/ml; SD, 0.11 log unit; n ϭ 6), and the betweenrun CV was 33% (genotype 2) (mean, 1.04 ϫ 10 6 IU/ml; SD, 0.14 log unit; n ϭ 7).
(iv) Accuracy for different genotypes. The means and the standard deviations for log-transformed measurement results for each subtype and mean log deviation to CAP/CTM results are displayed in Table 2 . The maximum differences between the HCV capture assay and CAP/CTM quantification were found for subtype 3a (0.21 log unit) and genotype 4 (0.19 log unit).
(v) Matrix equivalence. The mean difference of measurement results between plasma and WB samples with identical HCV RNA concentrations was 0.04 log 10 unit, in support of WB; however, this difference was not statistically significant (95% CI, Ϫ0.02 to 0.11 log 10 unit; P ϭ 0.203). In 6/38 sample pairs, the mean differed more than 0.3 log 10 IU/ml. The linear regression had a slope of 1.00 and an intercept of 0.04 with R 2 ϭ 0.943. (vi) Diagnostic specificity in WB samples. All 20 tested capillary WB samples from healthy donors tested as valid negatives in single measurements.
Clinical performance of the HCV capture assay for plasma samples. Two hundred twenty-two plasma samples were analyzed by the CAP/CTM HCV test. Forty-six samples tested HCV RNA negative, 165 tested HCV RNA positive (Ն15 IU/ml), and eight tested below the analytical sensitivity in plasma (Ͻ15 IU/ml) (36) . Three samples could not be quantified because of repeatedly invalid results by CAP/CTM.
(i) Diagnostic sensitivity and specificity in WB samples. Table 3 displays the sensitivity of the HCV RNA capture assay in plasma and WB samples with respect to the CAP/CTM HCV test plasma results. The diagnostic sensitivity was 100% (n ϭ 147) in plasma samples and 100% (n ϭ141) in WB samples for samples with Ͼ900 IU/ml. In samples with plasma viral loads between 15 and 900 IU/ml, the diagnostic sensitivity was 76% (13/17) for the HCV RNA capture assay on plasma samples and 58% (10/17) for WB samples without statistical difference by McNemar's test (P ϭ 0.250).
HCV RNA capture assay results were concordantly positive in both types of specimens for 151/211 samples; 54 were concordantly negative. Five samples were positive in plasma samples but not in the WB samples, and one sample was positive in the WB sample but negative in the plasma sample. The overall diagnostic sensitivity did not differ significantly between WB and plasma samples (P ϭ 0.219, McNemar's test). The diagnostic specificity was 98% for WB and plasma samples, because one sample of each specimen set tested negative in the CAP/CTM assay but positive in the HCV capture assay. Repetition of measurements did not confirm positive capture assay results; therefore, a cross-contamination error cannot be excluded.
(ii) HCV RNA quantitation in plasma. One hundred fortysix plasma samples showed concentrations of Ͼ900 IU/ml in the HCV RNA capture assay; 127 of them were quantified by single measurement and 19 in replicates. Figure 1 (iii) HCV RNA quantitation in venous WB samples. One hundred thirty-two pairs of plasma and WB specimens had quantifiable viral loads (Ͼ900 IU/ml) in the HCV RNA capture assay (118 quantified by single measurement; 14 in replicates). Hematocrits of samples ranged from 0.30 to 0.53. The one-sample KS test confirmed log-normal distribution (P Ͼ 0.05). The HCV RNA concentration in WB significantly exceeded the estimated viral load c plasma (1 Ϫ hematocrit) by 0.22 log 10 unit (95% CI, 0.18 to 0.27 log 10 unit; P Ͻ 0.001), thus indicating the presence of HCV RNA in the non-plasma frac- a HCV RNA was determined by the HCV RNA capture assay on 10-l plasma samples and expressed in log 10 IU/ml (n ϭ 3 for each HCV subtype).
b The difference to the mean COBAS AmpliPrep/COBAS TaqMan (CAP/ CTM) result was calculated by subtraction of log-transformed results. (2) 2 (25) 13 (76) tion of WB (a histogram of the differences shown in Fig. 2a) . The absolute HCV RNA concentrations in 10-l WB and 10-l plasma samples did not differ significantly (P ϭ 0.804), with a mean difference of Ͻ0.01 log 10 unit (95% CI, Ϫ0.06 to 0.04 log 10 unit). In 79/132 samples, the HCV concentration was higher in plasma samples than in WB samples. Within an estimated bias of Ϯ0.3 log 10 unit, HCV RNA levels were identical or greater than those in plasma samples in 122/132 WB samples (a histogram of the differences shown in Fig. 2b ).
All quantifiable WB HCV RNA capture assay results were tested for correlation with the CAP/CTM HCV plasma test. The Passing-Bablok regression equation was f(x) ϭ 0.8430x ϩ 0.8049 with x as the log 10 -transformed plasma viral load. There was no significant deviation from linearity (P Ͻ 0.10 in the CUSUM linearity test). R 2 was 0.919 for results with Ͼ900 IU/ml. The scatter plot in Fig. 3 displays the correlation of WB capture assay results and the CAP/CTM HCV test for all analyzed sample pairs (n ϭ 209), the respective genotype, the regression line for quantifiable results (n ϭ 140), and the 95% CI for the slope (0.8008 to 0.8846) and intercept (0.5731 to 1.0198).
With the outlier criterion deviation of Ͼ1.96-fold SD (0.68 log 10 unit), four sample pairs were defined. For one pair of specimens (outlier 1, see Fig. 3 ), HCV RNA was higher in plasma samples than in WB samples, while for the other three pairs of specimens, it was vice versa. The HCV concentration in plasma sample 1 was 7.84 log IU/ml in plasma with the reference method, 6.69 log IU/ml in WB, and 6.95 log IU/ml in plasma with the HCV RNA capture assay. An inhibition of the CAP/CTM quantitation standard (quantitation standard C T of 36.5) indicated an overestimation of plasma viral load. Outliers 2 and 3 were confirmed by intramethod comparison; the reference plasma viral load and intermethod and intramethod differences between plasma and WB samples were 4.39, 1.58, and 0.94 log 10 unit, respectively, for outlier 2 and 3.80, 1.19, and 1.02 log 10 unit, respectively, for outlier 3. Outlier 4 was below the HCV capture assay's limit of quantification in plasma samples but above the limit of quantification in WB samples and could therefore not be confirmed by intramethod analysis.
(iv) HCV RNA quantitation in capillary WB samples. The correlation between quantitation results in capillary and venous WB samples is demonstrated in a scatter plot in Fig. 4 . The Passing-Bablok regression equation was f(x) ϭ 1.0673x Ϫ 0.4386 (R 2 ϭ 0.960) for log-transformed viral loads. Deviation between capillary and venous WB samples ranged from Ϫ0.42 to 0.24 log 10 IU/ml. Thirty-eight of 40 sample pairs deviated less than 0.3 log 10 unit. Thirty-six of 40 HCV RNA quantitation results in capillary WB samples were greater than 10 5 IU/ml, thus indicating an overrepresentation of samples with rather high viral loads.
DISCUSSION
Determination of hepatitis C viral load kinetics is the essential parameter for the therapeutic management of chronic hepatitis C (26) . Because quantitation of HCV RNA in plasma or serum samples is a time-consuming and costly procedure performed in central laboratories, a HCV RNA quantitation assay Histogram of absolute frequency for HCV viral load deviation between measured whole-blood viral load and the estimated hematocritcorrected whole-blood viral load (a) and measured whole-blood viral load and measured plasma viral load (b). All HCV RNA quantitation results were analyzed with the HCV RNA capture assay in 10-l specimens and expressed in log 10 IU/ml. The dashed line refers to the log-normal distribution curve. The estimated whole-blood viral load refers to the viral load that would be observed if the cellular fraction were free of HCV RNA. It was calculated by multiplication of viral load (in IU/ml) with (1 Ϫ hematocrit). Std. Dev., standard deviation.
for 10-l samples appropriate for capillary WB point-of-care diagnostic devices was developed.
The findings of this study demonstrate that HCV RNA quantitation in 10-l WB samples correlate very well (R 2 ϭ 0.919) with the quantitation results of the fully automated CAP/CTM HCV plasma test for plasma concentrations above 900 IU/ml. The observed correlation coefficient (r ϭ 0.958) is located within the reported range of correlation of the CAP/ CTM HCV test to other commercially available HCV quantitation plasma assays, such as the Roche COBAS Amplicor Monitor 2.0 (r, 0.92 to 0.97) (34) . The application as a qualitative assay for screening purposes is restricted by the analytical sensitivity of the assay, since it has been reported that every 40th analyzed plasma sample contains less than 600 IU/ml HCV RNA (11) . Even though sensitivity and precision decrease with sample volume reduction (6), a 95% LOD of 9 IU per 10-l sample (900 IU/ml) and a variability below 0.13 log 10 IU/ml in plasma was demonstrated despite manual handling.
Correct interpretation of differences in diagnostic sensitivity for plasma and WB samples requires validation of the analytical sensitivity and demonstration of matrix equivalence. We demonstrated matrix equivalence for artificially created plasma and WB samples because of the lack of commercially available standardized WB samples and showed a direct proportion (regression slope of 1.00) without significant deviation between both types of specimens (mean deviation of 0.04 log 10 unit; P ϭ 0.203).
The HCV RNA concentration in clinical WB samples significantly exceeded the estimated (hematocrit-corrected) concentration by 0.22 log 10 unit. This indirectly indicates that significant amounts of HCV RNA cannot be mobilized into the plasma fraction by means of standard WB centrifugation. Whether this amount of HCV RNA is intracellular or can be concentrated by ultracentrifugation, as suggested previously for occult HCV infection (1), has not been validated. An indirect arithmetic correction was applied to determine the amount of nonplasma HCV RNA, because direct analysis of the cellular fraction is highly dependent on the stringency of washing and may remove cell-associated HCV RNA (32) . This study demonstrates that the additional cellular fraction of HCV RNA on average compensates only for the loss of plasma volume, because the mean HCV RNA concentration in 10-l WB samples did not differ from 10-l plasma samples by the same method (P ϭ 0.804). In only 4/132 clinical samples did HCV RNA in WB samples exceed the concentration in plasma by an order of magnitude. Furthermore, diagnostic sensitivity was not increased by the use of WB; it was 100% for WB and for plasma in plasma samples above the 95% LOD. In our series, the overall sensitivity (regardless of the analytical sensitivity) was identical in plasma and WB samples (90% in WB samples versus 94% in plasma samples). Cook et al. (8) also described equal sensitivities for WB and serum analysis by a competitive RT-PCR method for different extraction methods.
The selection of patients is crucial for correct interpretation of the results. In our study, exclusively anti-HCV-positive pa- tients were recruited regardless of their current therapeutic status. In a different anti-HCV-negative patient population that was HCV RNA positive by liver biopsy specimens, the sensitivity in WB samples was 14%, whereas for PBMC analysis, it was 57% (4). These data suggest PBMC as a possible origin of HCV RNA in the non-plasma fraction in patients with occult hepatitis C. The relevance of PBMC-associated HCV RNA in patients that are HCV RNA positive in plasma seems rather small. Less than 8% of PBMC from chronically HCV-infected patients were shown to contain HCV RNA: 0.02 to 0.15% by nested RT-PCR (42), 0.01% by in situ hybridization (24), and 0.2% to 8.1% by in situ RT-PCR (25) . On average, HCV RNA concentrations in PBMC of therapy-naïve patients range from 10 Ϫ5 to 30 IU/cell with a median of Ͻ0.01 IU/cell as illustrated by Pugnale and coworkers (29) in their Fig. 2 . Assuming a PBMC concentration of 1.5 ϫ 10 6 to 5 ϫ 10 6 cells per ml of WB, the approximate median amount of additional PBMC-derived HCV RNA is 30,000 IU per ml WB (range, 15 IU/ml to 1.5 ϫ 10 8 IU/ml). Because approximate median PBMC-derived HCV RNA and plasma-derived HCV RNA are of the same order of magnitude in therapy-naïve patients (10 4 to 10 7 IU/ml), a significant increase in WB viral load due to PBMC-associated HCV RNA seems unlikely. Furthermore, during antiviral therapy, the median viral decline in plasma and in PBMC does not differ (29) , thus indicating a direct proportion of plasma and WB viral load in HCV RNApositive patients. Our findings suggest that HCV RNA that is presumably associated to other cellular fractions, such as erythrocytes, does not significantly increase the WB viral load. Although erythrocyte-associated HCV RNA has been detected by an in situ PCR technique (21), it was not confirmed by Sadallah, Hess, and colleagues (32) , who demonstrated erythrocyte association for human immunodeficiency virus type 1 (15) .
We observed a proportional bias between HCV RNA capture assay results in WB and CAP/CTM results in plasma as indicated by a slope of 0.843 (significantly different from 1) in the Passing-Bablok regression, thus underestimating WB viral loads Ͼ1.3 ϫ 10 5 IU/ml as analyzed by Bland-Altman blotting (2) (data not shown). The same observation was made for plasma specimens (slope of 0.8993; cutoff of 1.59 ϫ 10 5 IU/ml), although the assay linearity was shown to be at least 5 ϫ 10 6 IU/ml plasma. Therefore, this bias is neither matrix dependent nor due to nonlinearity of the capture assay. An overestimation of high plasma viral loads by the CAP/CTM HCV test is possible, as it has also been reported by the French National Reference Center for Viral Hepatitis (7) in their analysis of serial dilutions.
The specificity of our HCV RNA quantitation protocol was not compromised by the use of WB samples. The risk of artifactual amplification of human cellular nucleic acids was decreased by the use of real-time PCR and a sequence-specific extraction. Because thermal stability of RNA/DNA hybrids is decreased under chaotropic conditions (16) , LNA-modified 2Ј-OMeRNA hybridization probes were applied for HCV RNA extraction due to superiority to a commercially available silica-based spin filter protocol (Roche high pure nucleic acid kit). Capture probes, primers, and TaqMan probes were designed to hybridize in the highly conserved 5Ј-untranslated region of HCV. Although mismatches between the capture probe and reported HCV sequence theoretically occur in 20.5% of assays, according to 337 reported HCV sequences in the Los Alamos hepatitis C sequence database (17) , all tested genotypes were equally detected in plasma with a maximum deviation of 0.21 log 10 unit. In addition, HCV RNA quantities in capillary and venous WB samples were identical (R 2 ϭ 0.960; n ϭ 40). Thus, capillary HCV RNA viral load monitoring with this novel method may be a promising alternative to venous plasma analysis for monitoring early HCV viral load kinetics with plasma viral loads above 900 IU/ml.
